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Non-homology knowledge-based prediction of the papain
prosegment folding pattern: a description of plausible
folding and activation mechanisms
Alberta Jaqueline Padilla-Zúñiga and Arturo Rojo-Domínguez
Background: A detailed knowledge of three-dimensional conformations is
necessary in order to understand the close relationship between protein
structure and function. Among current methodologies, homology modeling is an
important tool for obtaining reliable geometries and it provides a direct
alternative to X-ray or NMR techniques. In contrast, predictive methods with no
three-dimensional template (non-homology) still require further validation and
systematization.
Results: Here, we present a non-homology knowledge-based strategy for the
structural prediction of the proregion of a cysteine proteinase zymogen. This
method analyzes individual sequences and multiple alignments of homologous
sequences, making use of different published algorithms and incorporating all
available structure-related information to obtain improved predictions. Our
strategy yielded acceptable secondary structure and general three-dimensional
assignments when compared with crystallographic data from homologous
proteins.
Conclusions: We discuss our successes and failures as a contribution to
non-homology prediction development. In addition, based on the information
analyzed and generated in this work, we propose plausible folding and
activation mechanisms for thiol-proteinase precursors that attempt to shed light
on the molecular basis of prosegment functions.
Introduction
Currently, one of the most challenging goals of structural
biology is to decipher the protein folding code; that is, to
understand the rules for interpreting the information that
conducts an amino acid sequence towards its active three-
dimensional structure. This molecular knowledge would
permit us to better comprehend, manipulate and design
protein biological function in a rational manner. X-ray dif-
fraction and NMR techniques have permitted the experi-
mental determination of the structure of folded proteins.
Moreover, in some cases the use of different spectroscopic
methods has contributed in unraveling the steps of the
protein-folding pathway [1,2]. Nevertheless, the charac-
terization of protein structures using experimental tech-
niques is not always possible and it is necessary to use
alternative procedures in order to obtain molecular under-
standing about the folding mechanisms and functions of
these biomolecules.
Molecular modeling techniques have been applied for
many years [3–6]. Recently, several courses and contests
have been organized to teach and explore the advances in
predicting protein structure [7–9]. Some of the widely used
prediction modalities are comparative modeling [10,11],
threading and pattern-recognition methods [12–14]. Their
success depends on both the richness of their databases
and the existence of a template compatible with the target
protein. Ab initio techniques, on the other hand, attempt to
predict protein conformations without a three-dimensional
structure as a template and yield results based principally
on theoretical calculations, making use of contact matrices,
discrete lattice spaces, folding potentials, etc. [15–17].
In this work we present a strategy that is intermediate
between template-based modeling and ab initio predictions.
This non-homology approach does not require knowledge
of a three-dimensional structure; instead, it makes use
of both predictive techniques on multiple sequence align-
ments and all structure-related experimental data available
from a protein of interest. All information so generated
must be organized and analyzed to obtain valuable clues,
which help to locate in space specific positions of the pro-
tein. We applied the mentioned strategy to a 107 amino
acid polypeptide to predict its three-dimensional folding
pattern. We will describe the details of our predictive task
and the decisions taken to propose a convincing model.
The prediction target in this study was the propeptide of
papain zymogen. Papain is the most widely studied mem-
ber of the thiol-proteinase family and is the archetype of
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the group. Thiol proteinases are found in almost all tissues
and organisms and are implicated in physiological and
pathological processes such as tumor metastasis and sev-
eral types of arthritis [18], as well as being widely used for
pharmaceutical and general industrial purposes [19]. Thiol
proteinases are synthesized in cells as inactive precursors or
zymogens, which are composed of short to medium length
polypeptide chains covalently bound to the N termini of
the enzymes. These polypeptide prosegments perform a
large variety of essential functions. They are proteolytic
activity regulators that are released upon activation and
they are involved in intermolecular recognition for target-
ing and membrane association of the zymogen [20]. They
are also essential for whole-protein expression and are
strong and specific inhibitors of their related enzymes [21].
One of their most important tasks is to mediate the proper
folding of the enzyme chain [22]. In this, they probably act
in a different way than chaperones by directly increasing
the forward folding reaction rate [23]. Because of the impor-
tance of prosegments, any information regarding their struc-
tural properties could be a valuable tool for understanding
the molecular basis of their functions.
The papain prosegment was particularly useful for the kind
of knowledge-based prediction intended here because there
were no crystallographic structures suitable to be used as a
template. The proregion is a convenient size to work with;
it is small enough to limit the number of secondary struc-
tures and structural domains, but large enough to form a
hydrophobic core [24]. In addition, there is a sufficient num-
ber of homologous sequences from a wide variety of organ-
isms and there is an abundance of experimental information
with structural implications.
As a result of the continuous development of prediction
methods, one should evaluate results every time it is pos-
sible in order to generate a large set of test cases. This
would permit general rules to be established for construct-
ing solid predictive algorithms, thus resembling the proce-
dure used during the past decades for secondary structure
prediction [25]. The recent availability of crystallographic
structures of papain zymogen homologs allowed us to
present here a comparison between our predictive results
and crystallographic data, which further permitted us to
discuss successes and failures of the knowledge-based
strategy employed.
In general, X-ray or NMR coordinates excel at modeling
structures of the same proteins. Nevertheless, the skill
and knowledge gained during a thorough predictive pro-
ject, combined with experimentally determined structures,
might offer a better insight on the molecular basis of protein
biological behavior and activity. Accordingly, we propose a
structural pH-dependent rearrangement of the propeptide
as part of a plausible mechanism for explaining the acti-
vation process of thiol-proteinase precursors. In addition,
based on the information generated and analyzed here, we
expound a route by which a prosegment might drive the
rest of the polypeptide chain into its native conformation.
Results and discussion
As mentioned in the Introduction, the modeling methodol-
ogy presented here does not depend directly on any crystal-
lographic information from our prediction target homologs.
Indeed, the only three-dimensional structure known at the
time our project began was that of rat cathepsin B proseg-
ment [26], but its crystallographic information was not used
because we considered the prosegment of cathepsin B to be
quite different from the papain proregion, both in chain
extension and sequence (~18% pairwise sequence identity).
In fact, these two proteins had been classified as belonging
to distinct gene subfamilies: the cathepsin B-like proseg-
ment family, composed of chains of ~60 amino acids, and
the papain-like family, formed by prosegments of ~100 resi-
dues in length [27]. We expected that the papain proregion
structure might be globular, as judged by the cooperative
transition reported for its unfolding process [22] and by
the high binding rate constant for the proregion–enzyme
complex [28]. Moreover, two mouse proteins are homolo-
gous to the papain prosegment but lack an attached mature
sequence [29]. At least one of these proteins, CTLA-2β,
behaves as a strong papain inhibitor [30] and our analysis of
both mouse protein sequences revealed a nucleotide-bind-
ing fingerprint [31,32]. This fingerprint suggests an alterna-
tive physiological role for the CTLA-2 proteins and further
supports the globular character and native-like structure of
the isolated proregions of the papain-like subfamily. In
addition, rat testin and P34 soybean, two members of the
thiol-proteinase family, have lost their cysteine catalytic
residues and in rat testin the proteolytic and anti-protein-
ase activities are also missing [33,34]. These polypeptides
exist as 37 kDa and 34 kDa species, respectively. Molec-
ular masses in this range are consistent with three-domain
functional proteins whose prosegments have become an
integral part of the macromolecule, also indicating the
compact conformation of papain-like proregions.
In contrast, the prosegment of cathepsin B seems not to
be a globular protein. Instead, crystallography indicates that
it spreads over the surface of the enzyme [26], suggesting
a random conformation when isolated from the mature
moiety. Thus, we decided not to use the three-dimensional
structure of procathepsin B as a reference or template,
although it was a functionally related protein with activation
conditions similar to those of the papain zymogen.
Modeling the papain prosegment folding pattern
Determining a non-homology modeling case
Homology modeling of the papain prosegment was unsuit-
able because there was not an appropriate template among
the known crystallographic structures. Different algorithms
of sequence similarity, pattern recognition and threading
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yielded low scores, structures with unacceptable secondary
structure or sequence fragments threaded over split regions
of a three-dimensional structure. It should be mentioned
that although cathepsin B zymogen was already present in
the PDB, at the time of the prediction, it was not yet
included in the fold libraries of pattern recognition and
threading methods. Failure to detect a template suggested
the existence of a not previously observed folding pattern
for the papain prosegment and led us to use a non-homology
approach to determine its structural features.
Search for homologous sequences and a multiple alignment
We found a set of 141 sequences with > 25% identity to
the papain prosegment. Their automatic alignment yielded
poor results in some highly variable segments. In order to
improve the alignment, we classified the proregions into
different high-similarity subsets and then automatically and
independently aligned each group of sequences. The final
multiple alignment was generated by assembling the dif-
ferent subsets; a representative part is shown in Figure 1a.
Remarkably, despite the relatively low similarities between
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A multiple sequence alignment of the proregion portion of thiol
proteinases from Swiss-Prot and GenBank (gp) databases. (a) Only
44 out of 141 homologous sequences are shown. Numbering at the
top corresponds to the papain proregion (PAPA_CARPA) and is used
throughout this work. The first 23 sequences are from plants (the first
five are from papaya; the caricain prosegment is coded PAP3_CARPA),
the next eight sequences are from mammals (the human cathepsin L
prosegment studied in this work is included, CATL_HUMAN), the
following five sequences are from protozoa, and the rest of the
sequences are from other animals (three), fungi (four), and a virus
(one). The most conserved positions are highlighted in bold type.
Positions of the elements of secondary structure and the segments
S1–S5 are shown (see text). (b) Consensus patterns from the multiple
sequence alignment. Occurrences in each position are indicated as a
proportion (%) for the amino acid sets shown; asterisk, polar residues;
×, any residue; and shading, conserved hydrophobic residues. The
positions of the ERFNIN and GNFD motifs are also shown in
patterns 2 and 3, respectively.
proregions, several parts of their sequences have con-
served physical characteristics, mostly hydrophobic but also
polar or charged. From our multiple alignment, we built
conservation patterns including the previously detected
Glu–Arg–Phe–Asn–Ile–Asn and Gly–Asn–Phe–Asp motifs
([21,27]; Figure 1b). Papain-like proregions cover prac-
tically the entire phylogeny from viruses and fungi to
mammals. This fact dates the origin of prosequences
beyond one million years [35], balancing the evolutionary
tree of the subfamily and therefore allowing higher accu-
racy in structural predictions based on multiple sequence
alignments [36].
Prediction of secondary structure and solvent exposure
Secondary structure prediction methods coincide to predict
three helical segments, some loops, and possibly a short
β strand in the sequences of papain-like proregions (see the
Materials and methods section). Nevertheless, the endings
of these structures were not clearly defined (Figure 2a).
Using the subsets previously classified during our multiple
alignment we followed the proposal of Benner and cowork-
ers [36,37] for sequence parsing, taking into consideration
that conservation in a position is more significant when
found in highly diverging sequences and divergence is
more significant among very homologous proteins, and that
secondary structures end in regions of the sequence with a
high rate of long insertions, high variability, repeated
occurrence of proline and glycine residues, or the presence
of consecutive positions that contain proline, glycine, ser-
ine, asparagine, or aspartate residues (Figure 2a). Regarding
solvent-exposed positions, the method of Benner and the
PHD method yielded similar results (Figure 2b). Combining
this exposure pattern with secondary structure prediction
results, we assigned three amphipathic surface helices (H1,
H2 and H3, Figure 2a) and an amphipathic β strand to the
target protein. Although other secondary structure ele-
ments are suggested in the rest of the sequence (segments
S1–S5), a reliable prediction in these zones is beyond our
reach as a result of the abundance of parsing strings and
the lack of sequence homology.
N-glycosylation sites have been detected at positions 54, 60
and 89 of papain proregion sequence ([38,39]; Figure 3a).
These sites should be located in solvent-accessible pos-
itions and should avoid the sectors of the molecular sur-
face near the proregion–enzyme interface. In > 20 other
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Secondary structure and solvent-exposure predictions. (a) Results
from 14 different methods of secondary-structure prediction on the
papain prosegment. H, E, T, and blank denote helical, extended, turn,
and irregular conformations, respectively. Strong (*) and weak (+)
parsing signals for secondary structure are also shown. Our final
assignment is in the box at the bottom beside the X-ray data for the
secondary structure from procaricain. (b) Solvent-accessibility
predictions obtained from the analysis of the multiple alignment by the
method of Benner and the PHD method and from the X-ray structure of
procaricain. The symbols e, b, and ∧ denote buried, expected solvent-
exposed, and conserved hydrophobic residues, respectively (see the
Material and methods section for details).
proregions we detected potential glycosylation sites, all of
them located in the S5 segment. In addition, it has been
observed that amino acid insertions or deletions (indels) in
multiple sequence alignments occur outside secondary
structure elements [40] and in zones that do not create
major alterations in the global molecular conformation [41],
presumably in solvent-accessible regions of the protein. In
thiol-proteinase prosegments, long indels were almost
exclusively found in segments S1, S3 and S5 (as shown in
Figure 4). Hence, we concluded that these three segments
must not only be external portions of the proregion struc-
ture but also excluded from enzyme recognition sites. Fur-
thermore, amino acid positions alternatively holding
arginine and tryptophan residues, which have dissimilar
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Figure 4
The length of amino acid insertions and
deletions (indels) from the multiple alignment
located on the papain proregion sequence.
Circles and squares represent insertions and
deletions, respectively. Filled symbols
correspond to indels longer than 10 residues.
Secondary structure elements and their
linking segments are depicted at the bottom.
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Figure 3
Assembly of papain proregion. (a) A
representation of residues predicted to be
relevant in the papain prosegment.
Hydrophobic, basic and acidic conserved
residues and the positions of glycosylation
sites and Trp→Arg replacements are
indicated. Bold horizontal lines represent the
S2 and S4 segments and boxes correspond
to secondary structure elements.
(b) Predicted three-dimensional constraints
on the papain proregion sequence. The S2
and S4 segments should point in the same
direction and hydrophobic faces in helices are
expected to build a hydrophobic core. Dotted
lines join positions of predicted correlated
mutations. The straight line with arrowheads
denotes a probable salt bridge between
conserved charged residues in the alignment.
(c) Scheme of the proposed folding pattern
for papain-like proteinase proregions.
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sidechains but related codons, can be considered as external
sites, especially in closely related proteins [41]. In the mul-
tiple alignment we found arginine/tryptophan variability in
positions equivalent to papain residues 19, 39, 41, 56, 58, 64,
75, 84, 86 and 106 (Figure 3a).
Identification of the proregion–enzyme interface
In order to find evidence of the relative spatial arrange-
ment of some groups in the prosegment, we attempted to
detect and analyze the enzyme–proregion interface. We
predicted that the proregion might inhibit papain activity
by binding to the active site, in agreement with the fol-
lowing evidence: potential glycosylation sites close to the
active site in mature papain-like enzymes were never
found; several residues cluster around the enzyme active
site with a predicted solvent accessibility lower than that
actually found in the crystal structures of thiol proteinases;
and cystatin is a strong and specific proteic inhibitor of
thiol proteinases that tightly binds to the papain active site
[42] with high association constants, as also observed in
enzyme–proregion complexes [22,43,44].
In small globular proteins, amino acid segments linking
secondary structure elements should be situated in exterior
regions of the molecule. In general, and unless they per-
form specific tasks, these segments are highly variable in
length and composition because they are subjected to less
restrictive interactions than internal positions. In the case
of thiol-proteinase prosegments, certain surface residues
should control the high enzyme-binding strength and spec-
ificity. Segments S2 and S4 possess conserved amino acids
(Figure 1a) and, as can be seen in Figure 4, they are part of
conserved motifs and have rather constant lengths com-
pared with S1, S2 and S5. This feature suggests that seg-
ments S2 and S4 might be involved in proregion–enzyme
contacts resembling the two-loop cystatin binding mode.
As supporting evidence, mutations of residues 70–74 (S4
segment) in the proregion of papain zymogen revealed that
most of the mutant polypeptide chains were unable to fold
properly [21]. In addition, a reduction of pH below 4 trig-
gered in vitro activation of thiol-proteinase precursors [45],
suggesting a mechanism in which some carboxylate groups
should be protonated before prosegment hydrolysis occurs.
Interestingly, three conserved acidic residues, Glu38, Asp72
and Glu77, occur along the multiple alignment of the 141-
residue proregions (Figures 1a and 3a). Furthermore, all
three strongly conserved carboxylate residues are in or close
to S2 and S4 segments and might be attracted by the posi-
tive electrostatic potential reported for the enzyme active
site [46,47]. Finally, experiments on cathepsin L proregion
demonstrated that more than one carboxylate group is
essential to inhibit its mature enzyme [28]. Moreover, in
the same report it was found that the removal of a fragment
containing a carboxylate group, corresponding to Glu38 in
papain prosegment, produced a 33,000-fold decrease in the
inhibition constant [28].
Three-dimensional assemblage of the structural elements
Although our information is not sufficient to model the
structure of the papain proregion in atomic detail, we tried
to pack together the amphipathic elements of secondary
structure forming a folding nucleus with the hydrophobic
residues conserved in the multiple alignment. During
packing, we maintained glycosylation sites on the molec-
ular surface and, opposite to them, the segments S2 and
S4. We also considered the spatial contacts predicted by
concerted-mutations analysis according to Casari et al.
([48]; Figure 3b), along with all information stated above.
A plausible folding pattern for the papain proregion is
schematically represented in Figure 3c. We then con-
structed a computer-aided model of our predicted pattern
and sent it to the DALI server [49], which did not detect
any related PDB structure. It is important to remark here
that crystallographic proregion structures were not present
in the database of the server.
Spectroscopic studies on the isolated papain proregion
Having access to a sample of the recombinant papain pro-
region, we were able to carry out experiments to estimate
the reliability of our prediction results. CD of the purified
prosegment in the far-UV region (Figure 5) was consistent
with a helical protein, with estimations of 39± 5% helical
and 20 ± 7% β-strand residues when analyzed by the Hen-
nessey and Johnson method [50]. A similar spectrum analy-
sis with the k2d program [51] yielded contents of 31% and
11% for helical and β-strand residues, respectively, with an
estimated global error of 8%. This agreed well with our
model, which contains 38% and 3% of helical and β-strand
residues, respectively, calculated from the predicted sec-
ondary structures. Segments S1 and S5, which have low
local information, might account for additional secondary
structure content. Other CD experiments revealed that
the ellipticity signal at 220 nm of the papain proregion
showed a sigmoidal dependence on temperature (inset of
Figure 5), which reinforces the idea that the isolated pro-
region has a globular conformation. A fluorescence spec-
trum, derived from the only two tryptophan residues of the
prosegment sequence, showed a maximum at 340 nm with a
wide tail at longer wavelengths; its deconvolution (Figure 6)
is consistent with the presence of one tryptophan residue
exposed to the solvent and the other embedded in a non-
polar environment [52]. This evidence confirmed the exis-
tence of a hydrophobic core in the proregion and strongly
supports our structural assignments of the conserved Trp25
inside the globule and the extremely variable Trp64, which
is found as arginine even in a highly homologous sequence,
on the molecular surface. Finally, we studied the effect of
pH on the proregion conformation by the binding of the
hydrophobic fluorescent dye 8-anilinonaphthalene 1-sulf-
onic acid (ANS). The proregion showed a well-packed
conformation at pH 5.7–6.7, but it behaved as a molten glob-
ule as the pH was decreased below 4 (inset of Figure 6), as
judged by the strong increase in ANS fluorescence [53].
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The existence of a molten-globule conformation for the
papain proregion provides independent evidence for the
existence of a hydrophobic core in the structure of the
isolated prosegment.
Post-prediction analysis
After we finished our model of papain prosegment we
found a low-resolution crystallographic structure of procari-
cain [54], a closely homologous protein to papain zymogen
sharing 73% pairwise identity. Recently, the three-dimen-
sional structure of human procathepsin L was also released
([55]; 37% of prosegment pairwise identity). We used the
crystal structures of both zymogens along with the previ-
ously known rat cathepsin B–prosegment complex (15%
pairwise topological identity to procaricain; Figure 7) to
evaluate our prediction at different levels. This was par-
ticularly important because, as mentioned, our model was
constructed without using crystallographic knowledge of
proregions and was not, therefore, biased by such infor-
mation. At the end of this article we also speculate about
the mechanistic details regarding the activation of thiol-
proteinase precursors and the foldase function of their
prosegments.
When we compared our folding pattern with the crystallo-
graphic structures, we found that solvent-exposure predic-
tion was accurate for most of the sidechains, with ~80% of
the residues correctly predicted by the method of Benner
and the PHD method (Figure 2a). Our detection of posi-
tions in the multiple sequence alignment with respect to
tryptophan/arginine mutations, glycosylation sites, and
long indels was in accordance with the real solvent accessi-
bility of sidechains. Furthermore, the secondary structure
assignments derived from multiple alignment analysis
were 81% accurate in terms of α helix, β strand or coil
structures. The most successful automatic methods were
PHD, PREDATOR, and SSP with 83%, 80% and 67% correctly
predicted positions, respectively (Figure 2a). The three
helices were correctly detected and assigned as amphi-
pathic elements with their conserved non-polar residues
involved in hydrophobic cores. Also, the prediction that
segments S2 and S4 were on the same side of the prore-
gion was correct; S4 in particular interacted with the
mature region. In addition, S5 adopts a rather irregular
conformation, as expected from parsing and variability
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Figure 6
Experimental fluorescence spectrum of isolated papain proregion. Also
included is the reconstructed spectrum as the sum of contributions
from internal and solvent-exposed tryptophan sidechains. The inset
shows the effect of pH on the ANS fluorescence signal at 488 nm in
the presence of papain proregion.
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Figure 5
Experimental CD spectrum of isolated papain proregion at pH 6.5.
Best fits obtained by Hennessey and Johnson and k2d methods are
shown. The inset displays the ellipticity signal at 220 nm as a function
of temperature, expressed as the fraction unfolded.
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results for this segment. The conserved charged residues
really appear as an interacting cluster close to the enzyme
moiety, but not in contact with it. The predicted salt
bridge between residues Glu38 and Arg42 is actually
present (Figure 3b). The packing efficiency of hydropho-
bic or buried sidechains of caricain prosegment is similar
to that observed in native proteins [56], as we expected
from the results of our fluorescence study with ANS above
pH 5. Failure of threading methods to detect a suitable
crystal structure to be used as template for modeling was
correctly interpreted to be a result of the existence of a
new folding pattern in the proregion, as proposed earlier
in this work. Moreover, a DALI search on the PDB yielded
no structures similar to the crystallographic proregion of
caricain. This finding is helpful for users and developers
of threading programs because a negative result from
these algorithms might be interpreted as low sensitivity in
the scoring function or as the lack of a suitable structure
in the three-dimensional database. The accumulation of
validated test cases, as the one presented here, would help
to discriminate between these possibilities more reliably.
On the other hand, results from concerted mutations on our
multiple alignment failed to detect tertiary contacts, possi-
bly as a result of a considerable amount of noise that was
difficult to filter. Despite this, the use of mutational covari-
ation to identify intramolecular contacts has yielded suc-
cessful results in other cases [48,57,58]. One of our failures
was to predict helix 3 as part of the hydrophobic core. From
an analysis of the crystal structure of procaricain, it is evi-
dent that only two of the helical segments pack together
and that helix 3 is part of the propeptide enzyme interface,
resembling the conformation of cathepsin B prosegment
(Figure 7). Consequently, papain-like prosegments bind to
the active-site cleft in a direction reverse to that of natural
substrates, rather than in the two-loop direct conformation
of cystatins. The members of the two genetic subfamilies
constitute a striking example of barely detectable amino
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Figure 7
An α-carbon trace of the crystallographic structures of (a) caricain and
(b) cathepsin B zymogens. The corresponding proregions are shown
by dark lines. Mature enzymes are represented in equivalent
orientations with their N and C domains on the left and right,
respectively. Primed and non-primed letters represent the proregion
and enzyme termini, respectively. The occluding loop in cathepsin B is
marked with dotted line, and the C-terminal segments involved in the
pseudo-knot conformation are double lined. Some acid and basic
residues implicated in electrostatic clusters are marked by – and +,
respectively. (c) The topological sequence alignment of both
structures, along with their observed secondary structures (h, helix; s,
β-strand; t, turn; |, identity; :, similarity). Numbering corresponds to
papain positions as in Figures 1 and 2.
acid sequence homology with a strong conservation of
three-dimensional structure. The low homology between
papain-like and cathepsin B-like prosequences makes their
automatic alignment difficult. Consequently, in Figure 7
we show the topological alignment of caricain and rat
cathepsin B proregions, in which five of the nine identical
residues were found to correspond to positions strongly and
simultaneously conserved in both subfamilies; thus, there
is evidence of the common origin of the caricain and rat
cathepsin B proregions. As has been observed frequently,
economy in biological systems avoids the need to design
different protein structures to perform like tasks unless the
changes are necessary for adaptive reasons. So, retrospec-
tively, we should have considered that papain-like and
cathepsin B-like prosegments were structurally similar.
This example should be taken as a warning for predictors.
Finally, even though all conserved hydrophobic residues
were correctly assigned as buried, two of them (Tyr63 and
Tyr82) were located in the proregion–enzyme interface
and not in the hydrophobic core as predicted. We can con-
clude that most of the failures in the prediction of the
general folding of the papain proregion were related to its
interface with the native moiety, demonstrating the diffi-
culty of predicting the structure of a polypeptide that
forms protein–protein interactions.
Structural rearrangement in isolated proregions
Divergence between the predicted and crystallographic
position of helix 3 drove us to analyze in detail the three-
dimensional characteristics of thiol-proteinase propeptides.
Interestingly, solvent-accessible areas of the globular region
of the isolated caricain propeptide are highly apolar (59%, or
64% if only its interfacial surface is considered). This hydro-
phobicity could make proregions prone to aggregation and
might be the reason why Carmona et al. [28] had to use
10% acetonitrile for the study of isolated cathepsin L
propeptide. In our experimental studies we found that iso-
lated papain prosegment was rather insoluble at low ionic
strength, but significantly more soluble in the presence of
0.25 M NaCl. This might be interpreted as the presence
of an electrostatic effect on the molecular conformation of
proregions. Further support to this interpretation can be
found in the complete prevention of papain zymogen fold-
ing by the Asp72→Glu mutation [21], the pH increase of
the optimal papain-activation conditions caused by the
His70→Phe mutation [21], and the pH dependence of
ANS fluorescence, previously reported in this work. In
addition, both gene subfamilies share some common char-
acteristics: the activation processes occur at pH values
near and below 4 [59,60]; the enzyme inhibition constants
decrease in acidic media [28]; and in vitro, the presence of
polyanions activates the precursors [59]. It is prominent
in our multiple alignment that a set of charged residues
appears conserved throughout the phylogeny (Lys31,
Glu38, Arg42, Asp72 and Glu77). These residues are not
only conserved but are also exposed to the aqueous solvent,
strongly suggesting that they are involved functionally
[41]. Moreover, these residues cluster close to the segments
S2 and S4, forming an electrostatic network (Figure 8b). To
analyze the intrinsic effect of electrostatics on the confor-
mation of isolated caricain proregion, we carried out two
molecular dynamics simulations on the portion comprising
helix 1 to helix 3. In one case, we set the net charge of the
carboxylate groups to zero and, interestingly, helix 3 moved
towards the hydrophobic interface surfaces of helix 2 and
the β strand, early in the trajectory. In the other case, we
maintained the atomic charges intact, noticing that the elec-
trostatic cluster pulled helix 3 in a direction opposite to that
observed in the first simulation (Figure 8). These results
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Figure 8
Results of two different 200 ps molecular dynamics simulations on the isolated procaricain globular region. The starting conformation of both
simulations was its crystal structure (center). Results at physiological pH (left) and with uncharged carboxylate groups (right) are shown.
allowed us to speculate about a mechanism in which helix 3
may undergo a significant conformational rearrangement
when the electrostatic interactions of the conserved cluster
are weakened (either by a pH decrease, an ionic strength
increase, or the presence of polyanionic species). Such a
rearrangement would account for a significant decrease of
hydrophobic exposed area, provided that the apolar surfaces
of the β strand and helices 2 and 3 pack together, thereby
increasing the proregion solubility. In addition, the func-
tional role of the conserved small sidechain in residue 71
has been elusive [55]. Under the previous mechanistic sug-
gestion, this residue might participate in the hinge that
would permit the movement of helix 3.
Results from kinetic and equilibrium studies of inhibition
of cathepsins L and B by their corresponding propeptides
[28,43] could also be explained by the predicted rearrange-
ment of helix 3. On cathepsin L, the inhibition constant
(Ki) decreases with pH as a result of a lower rate constant
for complex formation (k1), and the dissociation rate coeffi-
cient (k2) maintained its value in the pH interval studied
[28]. The existence of a collapsed proregion conformation
in acidic media could explain the lower affinity for the
mature cathepsin L, thus decreasing k1. Furthermore,
deletion of a conserved arginine in the electrostatic cluster
also causes a strong decrease in k1 [28]. The same effect on
Ki by acidic pHs is observed in the inhibition of cathep-
sin B by its propeptide. This might seem baffling because
the group of conserved charged residues supposedly
responsible for the prosegment rearrangement is absent
in procathepsin B. In fact, for this enzyme Ki decreases
because of an increase in k2, whereas k1 remains constant
[43]. Exploring the crystal structure of the cathepsin B–
propeptide complex, we found an alternative electrostatic
cluster whose charged residues belong to both proregion
and mature moieties. Titration of the carboxylates involved
in enzyme–proregion salt bridges would promote complex
dissociation, with the corresponding increase in k2.
If our proposal on the collapse of helix 3 is correct, our
structural prediction on papain-like proregions would be
compatible with the existence of a hydrophobic core
shared by the three helices and the β strand for isolated
proregions at low pHs. From our ANS fluorescence results
we can also propose that this conformation might resem-
ble a molten globule [61]. Clearly, our predictions should
be validated by experimental work. For example, from our
predictive work it is expected that site-directed mutagen-
esis of charged residues on isolated prosegments would
increase both solubility and ANS fluorescence at neutral
pH. Also, cross-linking of Lys31 and the nearby Lys81, or
the mutation of residue 71 to a bulky sidechain would
limit the mobility of helix 3 even in acidic media. In addi-
tion, the effect of ionic strength, not only on zymogen acti-
vation but also on the inhibition of mature enzyme by its
propeptide, may also be investigated.
The structure–function relationship
Judging from our analysis of the zymogen crystal struc-
tures, the foldase action of the prosegments over the
enzyme moiety seems to focus on both the stabilization of
one of the two mature domains (the second or C-terminal
domain) and on the promotion of interactions in the inter-
domain interface. The enzyme C-terminal domain is com-
posed of a β barrel flanked on both ends by short α helices.
The propeptide β strand binds to one of the ends of the
β barrel, thus extending the hydrogen-bond network. The
proregion–enzyme interface buries and anchors several aro-
matic residues, which could account for the strong incre-
ment in near-UV CD signals upon complex formation of
cathepsin L and its propeptide, as reported by Carmona et
al. [28]. The aromatic and hydrophobic anchoring seems to
be a strong contributor to the affinity between the propep-
tide and the enzyme, but the question of how a freshly
nascent proregion could direct the folding of the rest of the
chain still remains. Below, we present a speculative folding
mechanism for thiol-proteinase zymogens based on the
analysis of crystal structures.
The stabilization of the structure of the mature C-terminal
domain could be induced by the prosegment through the
promotion of the correct assembly of both lids at the ends of
the β barrel. Evidence of such stabilization may be the pres-
ence in the upper lid of the barrel of a cis peptide bond
located before a proline residue in the crystal structures of
papain, caricain and chymopapain [62–64]. Interactions
generated by the propeptide could help to overcome the
free energy barrier necessary to form that cis bond during
the folding process. Another piece of evidence for the influ-
ence of the proregion is that its presence induces two inde-
pendent folding units in the procaricain crystal structure.
One of these units is located in the lower lid of the barrel
and the other is in the interdomain zone (Figure 9). The
independent folding units were originally proposed by
Moult and coworkers [65,66] as short polypeptide segments
that direct the folding process, acting as structural nucle-
ation sites. Once the N-terminal domain has completed its
folding and the C-terminal domain has been stabilized by
the proregion, foldase action could continue by promoting
the formation of interdomain interactions, mainly in three
zones: the active-site cleft (corresponding to the indepen-
dent folding unit mentioned above); the segment that links
both mature domains; and the enzyme N-terminal region.
In the latter two zones the proregion further promotes
extension of the original β sheets of the mature enzyme
(Figure 9). An observation worth noting from our structural
study is the pseudo-knot topology formed by the thiol-pro-
teinase C terminus trapped between both mature domains
and the interdomain segment (Figure 7). This strongly
suggests that both enzyme domains are folded auton-
omously in an early stage and later they coalesce, as a result
of proregion driving forces, and establish a large number of
contacts. Experimental determination of the foldase action
280 Folding & Design Vol 3 No 4
mechanism may benefit from careful studies of papain re-
folding by its proregion using spectroscopic and calorimetric
techniques.
With regard to another function of proregions, several
experimental reports have demonstrated that in vitro zymo-
gens may present proteolytic activity and undergo pre-
processing and auto-processing events [45,59,60,64,67].
Furthermore, there is evidence that zymogens in both
gene propeptide subfamilies can bind small inhibitors in
their active sites [45,59,60,64], and that during their
intramolecular processing a peptide bond is cleaved far
from the active site [45,59,60]. A simple explanation for
these experimental facts may be that activation and pro-
cessing are different and consecutive steps, as previously
suggested [59,60]. From the integration of our results, we
can depict a molecular maturation mechanism that includes
those consecutive steps. First, the interaction between the
proregion and the enzyme may be weakened by proton-
ation of the charged cluster, causing a conformational
change in the propeptide, as proposed in the previous sec-
tion. Then the proregion–enzyme bond would be cleaved
intermolecularly or intramolecularly. In the intramolecular
case, the N terminus of the enzyme moiety might move
towards the active-site cleft, allowing the release of the
prosegment. By computer simulation on the mature papain
structure we found that the adjustment of a single β turn
rearranges the first 12 residues of the enzyme and allows
the mature N terminus to reach its active site easily in a
cleavable direction. Finally, the N terminus of the enzyme
must return to the position shown in crystal structures of
both thiol-proteinase precursors and mature enzymes.
As previously mentioned, activation of both papain-like and
cathepsin B-like zymogens is induced by low pH and poly-
anions, which suggests similarities in the mechanism for
biological function acquisition between both gene subfami-
lies. Because cathepsin B-like proregions are ∼40% shorter
and do not maintain the conserved electrostatic cluster
present in papain-like proregions, their mature region
should provide the necessary assembly of charged amino
acids by means of a long insertion known as the occluding
loop, not present in papain-like precursors. Despite the
expected biological economy, or for adaptive reasons,
Nature seems to have modified molecular structures to
keep the electrostatic trigger for the activation of both
thiol-proteinase subfamilies. In fact, the strong changes in
the cathepsin B local geometry appear to have emerged
late in evolution because they have been found only in
pluricellular animals.
Materials and methods
Sequence and three-dimensional structure analysis
In search for homologous sequences, we scanned with BLAST [68] a non-
redundant protein database that included sequences from GenBank,
Swiss-Prot, and the Protein Identification Resource sequence catalogues
[69–71]. The PDB [72] provided all coordinates of crystallographic
structures mentioned in this paper. BLAST was also used to detect a suit-
able template in the PDB. For pattern recognition purposes we used a
Hidden Markov Model generator [73,74] and for the identification of a
crystal structure compatible with papain prosegment we employed a
suite of different programs: THREADER [75], PROFIT [76], MAP [77], TOPITS
[78], DOE [79] and the method of Nishikawa and Matsuo [80]. Multiple
alignment work was done with ClustalW [81] and MaxHom as imple-
mented in PHD [82]. The classification of sequences in subfamilies made
use of the Darwin server [83] and the SequenceSpace program [48]. For
secondary structure predictions we submitted the propapain sequence
to several methods: Gibrat et al. [84], Levin et al. [85], Double prediction
(DPM [86]), SOPMA [87], SSPREDICT (SSPre; [88]), PHD [89], Quadratic
logistic (QL [90]), ZPREDICTION (Zpred; [91]), Discrete state-space (DSM
[92,93]), the algorithms SSP, NNSSP and SSPAL [94,95], NNPREDICT
(NNPred; [96]), and PREDATOR (PRED; [97]). These predictive methods are
based on different methodologies, such as neural networks, statistical
potentials, partial homology to crystal structures, etc., and they use single
sequences or multiple alignments as input. We also used the analysis for
sequence parsing and secondary structure assignment proposed by
Benner and coworkers [36,37]. A comparison between predicted and
experimental structures was mainly based on procaricain X-ray coordi-
nates because of its high homology to papain prosegment. Evaluation of
the accuracy of secondary-structure prediction was based on the num-
ber of correctly predicted residues as helix, β sheet or coil in a 95-residue
segment (amino acids 12–107) of papain proregion. We could not evalu-
ate prediction on the first 11 residues because they are lacking in the
procaricain crystal structure. Molecular solvent accessibility of protein
groups was predicted with PHD [98] and the method of Benner and
coworkers [36]. Solvent-accessibility calculations on the globular portion
(helix 1 to helix 3 corresponding to residues 12–84) of procaricain struc-
ture was made with an implementation of the Lee and Richards’ algo-
rithm [99] (NACCESS program, S. Hubbard, University College, London,
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Figure 9
A schematic representation of the α-carbon trace of caricain zymogen.
Bordered lines and primed N and C termini, prosegment; double line,
the cleavable peptide bond responsible for enzyme release; dotted
segments, the independent folding units induced in the mature region
by the propeptide; star, the active-site cleft; gray planes, the extension
of β sheet regions; gray lines, the mature N domain; and black lines,
the mature C domain.
UK) with a probe radius of 1.4 Å and a slit width of 0.05 Å. For the evalu-
ation of the accuracy in solvent-accessibility prediction, sidechains with
accessible areas of < 35% of their maximum exposure (estimated as that
in a fully extended Ala–X–Ala tripeptide) were considered as buried, and
the rest as exposed. The surface area of carbon atoms was considered
apolar. Concerted mutations were estimated with the algorithm of Göbel
and coworkers [100] and the search of fingerprints on amino acid
sequences was performed with the PROSITE software and database [32].
Independent folding units were detected with a domestic program as
12-residue segments whose native conformation buries > 50 Å2 apolar
surface area per residue relative to a fully extended polypeptide reference
state [65].
Molecular modeling
Molecular visualization and modeling was performed on a Silicon Graph-
ics Indigo2 system with the BIOGRAF package (Molecular Simulations,
Inc.). Energy minimizations and molecular dynamic simulations used the
Dreiding II force field [101]. Geometry regularizations were performed
until a 4 kJ mol–1 nm–1 or lower force was reached. All molecular dynam-
ics simulations were calculated by numeric integration of Newton’s
equations of motion for all atoms using the Verlet algorithm [102], a step
size of 1 fs, at 300K in isothermal conditions, and updating velocities
every 0.1 ps. Non-bonded interactions were considered within a dis-
tance of 0.9 nm with a smooth switch-off function from 0.80 nm to
0.85 nm to avoid discontinuous forces. During the modeling procedure,
all hydrogen atoms were explicitly included and, for computational con-
venience, calculations were done in vacuo. The absence of explicit sol-
vent molecules decreases the accuracy of the calculations, but solvent
effects were introduced via a distance-dependent dielectric constant
that simulates water screening of electrostatic interactions. Rearrange-
ment of the N-terminal segment involved conformation editing of the first
12 residues of mature papain on a graphic display in the absence of
proregion and was followed by several cycles of local structure regular-
ization and molecular dynamics simulations. Two different simulations
were performed on the globular region of caricain prosegment starting
from its crystallographic coordinates. Physiological and acidic conditions
were imposed by setting net electric charges of carboxylate groups as
–1 or 0, respectively. Both simulations were carried out as detailed
above, during 200 ps. Coordinate files of our modeled structures are
available upon request. PROCHECK program [103,104] was used for the
assignment of secondary structure elements in procaricain crystallo-
graphic file. The DALI server [49] compared our molecular model of the
predicted folding pattern and the caricain proregion X-ray coordinates
with the structures deposited in the PDB. The topological alignment in
Figure 7 was also carried out by the DALI server.
Protein purification and characterization
The proregion of papain was recently expressed and purified by
members of our group (data not shown). Briefly, the expression product
was collected as inclusion bodies and redissolved in 8 M guanidine
hydrochloride. Purification by anion exchange HPLC of the dialyzed
samples yielded homogeneous material, as judged by chromatography
and SDS-PAGE assays. Molecular mass and isoelectric point determi-
nations are in good agreement with the expected product. Proregion
concentration was determined spectrophotometrically by using a 280 nm
extinction coefficient of 1.7, estimated from its amino acid sequence
[105]. Papain enzymatic activity was determined at 25°C in 100 mM
phosphate buffer, pH 6.5, using α-N-benzoyl-DL-arginine-p-nitroanilide
as substrate as described previously [106]. The identity and native con-
formation of proregion was demonstrated by a complete inhibition of
proteolytic activity on an equimolar mixture, preincubated for 6 min, of
papain and its proregion.
Spectroscopic studies
The CD spectrum was recorded at 25°C on a JASCO J-500A spec-
tropolarimeter calibrated with (+)-10-camphorsulfonic acid [107]. Mea-
surements were made in the region 190–270 nm, on a 0.1 mg/ml
prosegment solution in a 0.05 cm cell. Secondary structure analysis of
the spectrum was performed according to the method of Hennessey
and Johnson [50] and with the neural network program k2d [51], using
the mean-residue ellipticity values calculated from an average molecu-
lar mass of 118.5 Da. In thermal denaturation experiments, the sample
was heated with a jacketed cell holder and a recirculating water bath,
and the temperature was measured in the cell with a thermistor probe.
The emission-fluorescence spectra of the proregion sample was
recorded between 320 nm and 440 nm at an excitation wavelength of
295 nm and a bandwidth of 5 nm with an ISS PC1 spectrofluorometer.
Proregion concentration was 10 µg/ml in 100 mM phosphate buffer,
pH 6.5. Blanks without protein were also recorded and subtracted from
those of the prosegment. Samples from acid titration of proregion solu-
tions were assayed for hydrophobic surface accessibility to 8-anilino-
naphthalene 1-sulfonic acid (ANS), with a 20-fold molar excess of the
probe, by measuring fluorescence emission spectra with excitation at
350 nm [53]. Appropriate blank spectra of ANS were subtracted to
obtain the net fluorescence enhancement caused by dye adsorption to
the protein.
Accession numbers
Swiss-Prot identification names for the amino-acid sequences mentioned
in this work include: papain precursor (PAPA_CARPA), rat testin (TES1_
RAT), CTLA-2α and CTLA-2β (CT2A_MOUSE and CT2B_MOUSE,
respectively), P34 soybean (P34_SOYBN), human cathepsin L precur-
sor (CATL_HUMAN), and caricain precursor (PAP3_CARPA). PDB
codes: caricain precursor, 1pci; human cathepsin L precursor, 1cjl; rat
cathepsin B precursor, 1mir; stefin B-papain complex, 1stf; mature region
of papain, 9pap; mature region of chymopapain, 1yal; and mature region
of caricain, 1ppo.
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